In Arabidopsis thaliana, the main route of cyclic electron transport around PSI is sensitive to antimycin A, but the site of inhibition has not been clarified. We discovered that ferredoxin-dependent plastoquinone reduction in ruptured chloroplasts was less sensitive to antimycin A in Arabidopsis that overaccumulated PGR5 (PROTON GRADIENT REGULATION 5) originating from Pinus taeda (PtPGR5) than that in the wild type. Consistent with this in vitro observation, infiltration of antimycin A reduced PSII yields and the non-photochemical quenching (NPQ) of Chl fluorescence in wild-type leaves but not in leaves accumulating PtPGR5. There are eight amino acid differences between PGR5 of Arabidopsis (AtPGR5) and PtPGR5 in their mature forms. To determine the site conferring antimycin A resistance, a series of AtPGR5 and PtPGR5 variants was introduced into the Arabidopsis pgr5 mutant. We determined that the presence of lysine rather than valine at the third amino acid position was necessary and sufficient for resistance to antimycin A. High levels of resistance to antimycin A required overaccumulation of PtPGR5 in ruptured chloroplasts, suggesting that PtPGR5 is partly resistant to antimycin A. In contrast, PSII yield was almost fully resistant to antimycin A in leaves accumulating endogenous levels of PtPGR5 or AtPGR5 V3K that had lysine instead of valine at the third position. NPQ was also dramatically recovered in leaves of these lines. These results imply that partial recovery of PSI cyclic electron transport is sufficient for maintaining redox homeostasis in photosynthesis. Our discovery suggests that antimycin A inhibits the function of PGR5 or proteins localized close to PGR5.
In Arabidopsis thaliana, the main route of cyclic electron transport around PSI is sensitive to antimycin A, but the site of inhibition has not been clarified. We discovered that ferredoxin-dependent plastoquinone reduction in ruptured chloroplasts was less sensitive to antimycin A in Arabidopsis that overaccumulated PGR5 (PROTON GRADIENT REGULATION 5) originating from Pinus taeda (PtPGR5) than that in the wild type. Consistent with this in vitro observation, infiltration of antimycin A reduced PSII yields and the non-photochemical quenching (NPQ) of Chl fluorescence in wild-type leaves but not in leaves accumulating PtPGR5. There are eight amino acid differences between PGR5 of Arabidopsis (AtPGR5) and PtPGR5 in their mature forms. To determine the site conferring antimycin A resistance, a series of AtPGR5 and PtPGR5 variants was introduced into the Arabidopsis pgr5 mutant. We determined that the presence of lysine rather than valine at the third amino acid position was necessary and sufficient for resistance to antimycin A. High levels of resistance to antimycin A required overaccumulation of PtPGR5 in ruptured chloroplasts, suggesting that PtPGR5 is partly resistant to antimycin A. In contrast, PSII yield was almost fully resistant to antimycin A in leaves accumulating endogenous levels of PtPGR5 or AtPGR5 V3K that had lysine instead of valine at the third position. NPQ was also dramatically recovered in leaves of these lines. These results imply that partial recovery of PSI cyclic electron transport is sufficient for maintaining redox homeostasis in photosynthesis. Our discovery suggests that antimycin A inhibits the function of PGR5 or proteins localized close to PGR5.
Introduction
Light reactions of photosynthesis consist of linear electron transport and cyclic electron transport around PSI in the thylakoid membrane. Whereas linear electron transport generates both ATP and NADPH, PSI cyclic electron transport preferentially produces ATP (Shikanai 2007) . In angiosperms, PSI cyclic electron transport takes two routes (Munekage et al. 2004 ): a PROTON GRADIENT REGULATION 5 (PGR5)/PGR5-LIKE PHOTOSYNTHETIC PHENOTYPE 1 (PGRL1)-dependent, antimycin A-sensitive pathway and an NADH dehydrogenase-like complex (NDH)-dependent, antimycin A-insensitive pathway (Tagawa et al. 1963 , Munekage et al. 2002 , DalCorso et al. 2008 . A defect in PGR5 results in a decrease in non-photochemical quenching (NPQ) induction and in P700 + (oxidized PSI reaction center) levels in the light in Arabidopsis (Munekage et al. 2004) and rice (Nishikawa et al. 2012) . Both phenotypes are probably explained by reduced ÁpH formation via a lack of PSI cyclic electron transport. On the other hand, chloroplast NDH is unlikely to contribute to ÁpH formation in steady-state photosynthesis in tobacco (Shikanai et al. 1998) and Arabidopsis (Hashimoto et al. 2003) , although the plastoquinone (PQ) pool is slightly more reduced by electrons at low light intensity in rice (Yamori et al. 2011) and Marchantia polymorpha (Ueda et al. 2012) (Munekage et al. 2004) . Although chloroplast NDH is structurally related to bacterial and mitochondrial NADH dehydrogenase (Complex I), chloroplast NDH accepts electrons from ferredoxin (Fd) rather than NAD(P)H (Ifuku et al. 2011 , Yamamoto et al. 2011 : NDH is an antimycin A-resistant Fd-dependent PQ reductase (FQR). The concept of a hypothetical FQR was introduced to explain a putative enzyme that catalyzes Fd-dependent, antimycin A-sensitive PSI cyclic electron transport (Bendall and Manasse 1995) . This is the classical Arnon pathway and probably corresponds to the PGR5/PGRL1-dependent pathway, mainly on the basis of its sensitivity to antimycin A (Tagawa et al. 1963 , Munekage et al. 2002 . In Chlamydomonas reinhardtii, a supercomplex including light-harvesting complex I (LHCI), LHCII, Fd-NADP + reductase (FNR), Cyt b 6 f and PGRL1 catalyzes Fddependent PQ reduction (Iwai et al. 2010) . However, such a large complex has not been found in angiosperms, and PSI cyclic electron transport is insensitive to antimycin A in Chlamydomonas (Iwai et al. 2010) . It is unclear how the FQR activity observed in Arabidopsis is related to the supercomplex discovered in Chlamydomonas. Despite the long history of research, we have just started to understand the molecular identity of antimycin A-sensitive FQR. The recombinant PGR5-PGRL1 complex in Arabidopsis catalyzes Fd-dependent PQ reduction in vitro (Hertle et al. 2013) .
Antimycin A is an antibiotic that is produced by Streptomyces sp. and binds the Q i site of the Cyt bc 1 complex, inhibiting respiratory electron transport in mitochondria (Miyoshi et al. 1995) . In chloroplasts, however, antimycin A inhibits PSI cyclic electron transport (Tagawa et al. 1963) . It was initially thought that antimycin A might affect the Cyt b 6 f complex because of the site's structural similarity to the Cyt bc 1 complex (Tagawa et al. 1963) . However, this is not the case (Moss et al. 1984 , Davies et al. 1987 , and antimycin A is concentrated in the PSI fraction (Davies et al. 1987 , O'Keefe 1988 . Nevertheless, the idea that Fd-dependent PQ reduction occurs via the Cyt b 6 f complex has often been revisited, especially after the discovery of heme c i , which is not directly involved in the Q cycle of the Cyt b 6 f complex (Kurisu et al. 2003 , Stroebel et al. 2003 . However, PGR5/PGRL1-dependent PSI cyclic electron transport is unaffected in the Arabidopsis pgr1 mutant (Okegawa et al. 2005 ). In the pgr1 mutant, an amino acid alteration in the Rieske subunit causes hypersensitivity of the Cyt b 6 f complex to lumenal acidification (Munekage et al. 2001) . Questions therefore remain about the site of inhibition by antimycin A in PGR5/PGRL1-dependent PSI cyclic electron transport.
We discovered that PSI cyclic transport was resistant to antimycin A in Arabidopsis plants that expressed PGR5 of the loblolly pine (Pinus taeda). By comparing PtPGR5 and AtPGR5, we determined that a single amino acid alteration from valine to lysine at the third residue of mature AtPGR5 conferred resistance to antimycin A. Our discovery suggests that antimycin A inhibits the function of PGR5 or proteins closely localized to PGR5.
Results
PtPGR5 is less sensitive to antimycin A in the ruptured chloroplast system than AtPGR5
In PSI cyclic electron transport, electrons are recycled from Fd to PQ in both PGR5/PGRL1-dependent and NDH-dependent pathways (Munekage et al. 2002 , Munekage et al. 2004 , Yamamoto et al. 2011 . In ruptured chloroplasts, Fd-dependent PQ reduction activity is indirectly detected as an increase in Chl fluorescence (Munekage et al. 2002) . Although this method does not provide exact quantitative information on rates of electron transport in vivo, it can be used to compare relative differences in activity between different genotypes. In the wild type, addition of NADPH alone did not induce PQ reduction, but subsequent addition of Fd reduced the PQ pool (Fig. 1) . As previously reported (Munekage et al. 2002) , PQ reduction was slower in pgr5 than in the wild type and was saturated at a lower reduction level. The remaining PQ-reducing activity in pgr5 depends on chloroplast NDH, which also accepts electrons from Fd (Munekage et al. 2004 , Yamamoto et al. 2011 . Consistent with previous reports (Okegawa et al. 2007 , Long et al. 2008 , the PQ pool was more rapidly reduced to a higher level in the 35Sp::AtPGR5 and 35Sp::PtPGR5 lines than in the wild type (Fig. 1) . The 35Sp::AtPGR5 and 35Sp::PtPGR5 lines overexpress PGR5 genes originating from Arabidopsis thaliana and P. taeda, respectively (Okegawa et al. 2007 , Long et al. 2008 .
PGR5-dependent PSI cyclic electron transport is specifically inhibited by antimycin A (Tagawa et al. 1963 , Munekage et al. 2002 . As previously reported (Munekage et al. 2002) , addition of 10 mM antimycin A to ruptured chloroplasts isolated from the wild type lowered PQ reduction activity, although the level was higher than in pgr5, probably because of incomplete inhibition (Fig. 1) . Addition of antimycin A to ruptured chloroplasts isolated from pgr5 did not induce any changes in PQ reduction. Also consistent with the previous report (Okegawa et al. 2007) , addition of antimycin A to ruptured chloroplasts isolated from the 35Sp::AtPGR5 line decreased PQ reduction activity to the same level as that in the wild type treated with antimycin A (Fig. 1) . This result indicates that overexpression of AtPGR5 enhances antimycin A-sensitive PSI cyclic electron transport activity (Okegawa et al. 2007 ). In contrast, PQ reduction activity was only slightly affected by 10 mM antimycin A in the 35Sp::PtPGR5 lines (Fig. 1) . This unexpected result suggests that the majority of cyclic electron transport activity is less sensitive to antimycin A in 35Sp::PtPGR5 lines than in the wild type.
To characterize the antimycin A resistance of electron transport in the 35Sp::PtPGR5 lines in more detail, we investigated the antimycin A concentration dependency of the inhibition of Fd-dependent PQ reduction. For semi-quantitative evaluation, Chl fluorescence levels 1 min after Fd addition were used, as they seemed roughly proportional to the initial rates of fluorescence rise ( Fig. 2A) . The fluorescence level is depicted relative to the wild-type level without the addition of antimycin A (100%) and to the F o level (0%). As mentioned above, these values are not quantitative for the actual rate of electron transport in vivo but can be used to compare relative activity among genotypes. In the wild type, Chl fluorescence levels decreased with increasing concentrations of antimycin A. Even in the presence of 12 mM antimycin A, the fluorescence level was not reduced to the level in pgr5 ( Fig. 2A) . The fluorescence level in pgr5 was not affected by changes in antimycin A concentration ( Fig. 2A) , consistent with the fact that NDH activity is resistant to antimycin A. In the crr2-2 mutant defective in NDH activity (Hashimoto et al. 2003) , the fluorescence was close to the F o level in the presence of >10 mM antimycin A. In the 35Sp::AtPGR5 lines, fluorescence levels were slightly higher than those in the wild type at low concentrations (<5 mM) of antimycin A ( Fig. 2A) . This slight resistance may ). Before the measurement, ruptured chloroplasts were incubated with 10 mM antimycin A (AA) in the medium. Fluorescence levels were standardized against the F m levels.
be due to overaccumulation of PGR5 in the lines (Fig. 2B) , because overaccumulation of PGR5 accelerates Fd-dependent PQ reduction in the ruptured chloroplast system (Okegawa et al. 2007 , Long et al. 2008 . However, fluorescence levels in the wild type and the 35Sp::AtPGR5 lines were close at higher concentrations (!10 mM) of antimycin A (Fig. 2A) . In the 35Sp::PtPGR5 line, the fluorescence level was higher than those in the wild type and the 35Sp::AtPGR5 line at all concentrations ( Fig. 2A) , consistent with our initial observation that Fd-dependent PQ reduction activity was less sensitive to antimycin A in that line than in the wild type (Fig. 1) .
Chloroplast NDH mediates antimycin A-resistant Fd-dependent PQ reduction (Munekage et al. 2002 , Yamamoto et al. 2011 ). In the 35Sp::PtPGR5 line, enhanced NDH activity may explain the observed resistance of Fd-dependent PQ reduction activity. To assess this possibility, we analyzed the levels of chloroplast NDH by using an antibody against NdhL. We did not detect an increase in NdhL level in the 35Sp::PtPGR5 line (Fig. 2B) . At least, overaccumulation of chloroplast NDH does not explain the phenotype observed in the 35Sp::PtPGR5 line.
Photosynthesis is resistant to antimycin A in Arabidopsis plants accumulating PtPGR5
The ruptured chloroplast system does not provide information on the rate of PSI cyclic electron transport in vivo. To evaluate the effect of the antimycin A resistance of PtPGR5 in vivo, we developed a system to infiltrate antimycin A into detached leaves. Infiltration of 50 mM antimycin A induced a 40% decline in PSII quantum yield (È PSII ) at 500 mmol photons m À2 s À1 in the wild type (Fig. 3A, WT) . High light intensity is necessary to monitor both clear phenotypes in NPQ and the electron transport rate in pgr5 (Munekage et al. 2002) . As in the pgr5 mutant, NPQ was drastically reduced (Fig. 3B, WT) . This inhibitory effect was not observed when buffer without antimycin A was infiltrated (Fig. 3 , shaded bars in WT). We used these parameters of Chl fluorescence to evaluate antimycin A resistance in the leaves. In pgr5 leaves without antimycin A treatment, È PSII was close to that in the wild-type leaves treated with antimycin A, and antimycin A treatment did not decrease È PSII and NPQ further (Fig. 3, pgr5 ): In this in vivo system, antimycin A mimics the pgr5 phenotype. Even in the absence of antimycin A, NPQ was slightly lower in pgr5 than in the wild type treated with antimycin A (Fig. 3B) , probably because of incomplete inhibition; this is also suggested by the result we obtained by using ruptured chloroplasts (Fig. 2) .
Subsequently, we evaluated antimycin A resistance in lines overaccumulating AtPGR5 or PtPGR5 (Fig. 3) . In the absence of antimycin A, È PSII and NPQ at 500 mmol photons m À2 s
À1
were not affected by overaccumulation of PGR5. This result is consistent with our previous observation that electron transport was not affected in steady-state photosynthesis in lines overaccumulating AtPGR5 (Okegawa et al. 2007 ). In the 35Sp::AtPGR5 line, È PSII and NPQ were decreased by infiltration of antimycin A, as occurred in the wild type (Fig. 3,  35Sp ::AtPGR5). In contrast, È PSII was hardly affected by antimycin A treatment in the 35Sp::PtPGR5 line (Fig. 3A, 35Sp::PtPGR5). NPQ was only slightly affected, although the difference was not statistically significant (t-test, data not shown) (Fig. 3B, 35Sp ::PtPGR5). These results indicate that electron transport is resistant to antimycin A in the 35Sp::PtPGR5 line, consistent with the observation in the ruptured chloroplast system ( Fig. 2A) . Consistent with a previous report (Hashimoto et al. 2003) , the crr2-2 defect did not affect È PSII in the leaves. However, infiltration of antimycin A drastically reduced È PSII and NPQ to a slightly more severe extent than in the wild type (Fig. 3, crr2-2 ). This result is consistent with the A B Fig. 3 Effects of antimycin A on quantum yields of PSII (A) and NPQ (B) in leaves. Detached leaves were infiltrated with medium containing 50 mM antimycin A (red bars). White bars represent untreated controls. Wild-type leaves were infiltrated with the medium without antimycin A (shaded bars in WT). Quantum yields of PSII (È PSII ) and NPQ were monitored at 500 mmol photons m À2 s
. Transgenes were introduced into pgr5. Error bars represent the SD (n = 3-4). Asterisks indicate significant deviation from the wild type in the presence of antimycin A (t-test, **t < 0.01; *t < 0.05). observation in tobacco (Jöet et al. 2001) and also with the phenotype of the crr2 pgr5 double mutant (Munekage et al. 2004 ).
Determination of the N-terminal end of mature PGR5
The simplest hypothesis is that an amino acid alteration or alterations between AtPGR5 and PtPGR5 explain the resistance of PGR5-dependent PSI cyclic electron transport to antimycin A. Because such residues must be included in the mature forms of PGR5, the N-terminal end of mature PGR5 needs to be experimentally determined. For this purpose, we selected spinach because we could easily obtain sufficient plant materials. We isolated thylakoid membranes from spinach leaves. The fraction of the thylakoid proteins containing PGR5 was subjected to two-dimensional gel electrophoresis, and the proteins were transferred to a polyvinylidene difluoride (PVDF) membrane. In the blot, the spot corresponding to PGR5 was detected by the antibody (Fig. 4) . We excised the spot [which was visualized by Coomassie Brilliant Blue (CBB) staining and corresponded to the signal detected by the antibody from the membrane], and the proteins extracted were subjected to automated Edman degradation amino acid sequence analysis. A 10 amino acid sequence, KNVNEGKGLF, was detected and completely matched the sequence of AtPGR5 from the 61st residue. We conclude that in spinach the N-terminal end of mature PGR5 protein is lysine, which corresponds to the 61st residue in AtPGR5. Consequently, mature PGR5 is 16 amino acids shorter than that predicted in silico (Munekage et al. 2002) . On the basis of this information, we also predict that the first 60 residues of AtPGR5 are the targeting signal to chloroplasts; consequently, a mature AtPGR5 protein is composed of 73 residues with a calculated molecular mass of 8,016 Da and pI of 11.2. This prediction is roughly consistent with the position of the signal detected in the two-dimensional gel (Fig. 4) .
The third lysine of PtPGR5 confers the resistance to antimycin A in vivo Fig. 5A shows the alignment of the amino acid sequences of AtPGR5 and PtPGR5. In the mature form of PGR5, eight amino acid residues differed between the two organisms. We constructed a series of vectors that expressed AtPGR5 with a single amino acid substitution derived from PtPGR5 (Fig. 5B) . Because multiple amino acid substituents may be necessary for resistance to antimycin A, we constructed another series of vectors that expressed PtPGR5 with a single amino acid substitution derived from AtPGR5 (Fig. 5B) . Because the PGR5 level may influence resistance to antimycin A in the leaves, we used the AtPGR5 promoter instead of the 35S promoter to express the mutant series of PGR5. As controls, we constructed vectors expressing the original AtPGR5 and PtPGR5 under the control of the AtPGR5 promoter. All the constructs were introduced into the Arabidopsis pgr5 mutant.
For technical feasibility, we selected an in vivo assay for the initial screening of antimycin A-resistant lines (Fig. 6) . Introduction of AtPGR5 under the control of its own promoter led to the recovery of È PSII and NPQ at 500 mmol photons m À2 s À1 to the wild-type level (Fig. 3, AtPGR5) . This line showed sensitivity to antimycin A similar to that of the wild type treated with antimycin A. Introduction of PtPGR5 also complemented È PSII and NPQ in the leaves (Fig. 3, PtPGR5) . Unlike in the AtPGR5 line, leaves of the PtPGR5 line exhibited resistance to antimycin A. Because the mutant versions of PGR5 were also driven by the AtPGR5 promoter, the AtPGR5p::AtPGR5 and AtPGR5p::PtPGR5 lines were used as controls in Fig. 6 . Subsequently, we infiltrated antimycin A into the leaves of lines expressing the mutant versions of PGR5 under the control of the AtPGR5 promoter (Fig. 6) . In most lines that expressed AtPGR5 with mutations, È PSII and NPQ at 500 mmol photons m À2 s À1 were similar to those in the AtPGR5p::AtPGR5 lines (Fig. 6A, C) , suggesting that these amino acid substitutions did 
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AtPGR5 terminator R K AtPGR5 R68K not confer antimycin A resistance. The single exception was the AtPGR5 V3K line, in which both È PSII and NPQ were significantly higher than those of the AtPGR5 lines after treatment with antimycin A. This level of resistance was nearly equivalent to that in the AtPGR5p::PtPGR5 line (Fig. 6, PtPGR5) , suggesting that the presence of a third lysine instead of valine fully explained the resistance of PtPGR5 to antimycin A.
On the other hand, most AtPGR5p::PtPGR5 lines with mutations showed levels of antimycin A resistance similar to that of the line expressing wild-type PtPGR5 under the control of the AtPGR5 promoter (Fig. 6B, D) . One exception was PtPGR5 K3V, in which both È PSII and NPQ were significantly decreased. These amino acid alterations did not affect the PGR5 protein level (Fig. 2B) . Taking these results together, we conclude that the third lysine in PtPGR5 is required, and is sufficient, for the antimycin A resistance evaluated in intact leaves.
Antimycin A resistance of in vitro PQ reduction activity is influenced by PGR5 protein level
In intact leaves, the third lysine of PtPGR5 conferred resistance to antimycin A to the PtPGR5 level (Fig. 6) . We also evaluated resistance in the ruptured chloroplast system (Fig. 2B) . First, we assessed the effect of the PGR5 level on antimycin A resistance. Although the 35Sp::AtPGR5 line showed slight resistance at low concentrations of antimycin A (<5 mM), this resistance was not observed in the AtPGR5p::AtPGR5 line (Fig. 2B, AtPGR5) , suggesting that a high level of AtPGR5 conferred slight resistance to a low level of antimycin A. The dependency of antimycin A A B C D Fig. 6 Effect of antimycin A on quantum yields of PSII (A) and NPQ (B) in leaves of lines expressing mutant versions of PGR5. Detached leaves were infiltrated with medium containing 50 mM antimycin A (red bars). White bars represent untreated controls. The construction is based on AtPGR5 (A and C) and PtPGR5 (B and D). Quantum yields of PSII (È PSII ) (A and B) and NPQ (C and D) were monitored at 500 mmol photons m À2 s À1 . Transgenes were introduced into pgr5. T 3 plants homozygous for the T-DNA insertion were used. Error bars represent the SD (n = 3-4). Asterisks indicate a significant deviation from the original constructs without the mutations in the presence of antimycin A (t-test, **t < 0.01; *t < 0.05).
resistance on the PGR5 level was more evident in the PtPGR5 lines. When the gene was driven by the 35S promoter, resistance was evident ( Fig. 2A, 35Sp ::PtPGR5). However, resistance was less evident when the gene was driven by the AtPGR5 promoter and less PGR5 protein accumulated in the thylakoid membranes than in the 35Sp::PtPGR5 line (Fig. 2A, PtPGR5, and  Fig. 2B ). The level of antimycin A resistance in the AtPGR5 V3K line was the same as that in the AtPGR5p::PtPGR5 line (Fig. 2B) . This is consistent with the fact that the AtPGR5 V3K gene was driven by the AtPGR5 promoter and accumulated the same level of PGR5 as the AtPGR5p::PtPGR5 line (Fig. 2B) . Because the mutant protein contains a substitution from valine to a positively charged lysine, its mobility in the gel was affected (Fig. 2B) . Consistent with the in vivo results (Fig. 6) , the PtPGR5 K3V line showed the same level of antimycin A sensitivity as the wild type in the ruptured chloroplast system (Fig. 2B) .
Discussion
A single amino acid alteration from valine to lysine at the third residue of mature PGR5 was necessary, and sufficient, for conferring antimycin A resistance upon PSI cyclic electron transport in Arabidopsis. Although the site of inhibition of PSI cyclic electron transport by antimycin A has long been unclear (Bendall and Manasse 1995) , our results suggest that antimycin A inhibits the function of PGR5 or proteins localized close to PGR5. Recently, it was reported that antimycin A inhibited electron transport from PGRL1 to the PQ analog 2,6-dimethyl-p-benzoquinone (DMBQ) in vitro (Hertle et al. 2013 ). PGR5 interacts with PGRL1 in vivo (Dal Coroso et al. 2008) and may function in electron transport from Fd to PGRL1 (Hertle et al. 2013 ). Most probably, antimycin A inhibits the function of PGRL1 in vivo (Hertle et al. 2013) . The amino acid alteration may alter the structure of the PGR5-PGRL1 complex, thereby decreasing its affinity for antimycin A. Our results are consistent with these findings and link the historical Arnon route of PSI cyclic electron transport (Arnon et al. 1954 , Tagawa et al. 1963 with the PGR5/PGRL1-dependent pathway (Munekage et al. 2002 , Dal Coroso et al. 2008 , Hertle et al. 2013 .
In the ruptured chloroplast system, the AtPGR5p::PtPGR5 line was only partially resistant to antimycin A (Fig. 2) . Overaccumulation of PtPGR5 protein is required for a higher level of resistance. PtPGR5 and also AtPGR5 V3K are unlikely to be fully resistant to antimycin A, and overaccumulation is needed for the resistance clearly observed in the ruptured chloroplast system (Fig. 2) . Consistent with this idea, overaccumulation of PGR5 protein activates PSI cyclic electron transport in the ruptured chloroplast system ( Fig. 1; Okegawa et al. 2007 , Long et al. 2008 , although the effect is restricted in the transient phase to adapt to changes in light intensity in vivo (Okegawa et al. 2007 ). The rate of PSI cyclic electron transport evaluated in the ruptured chloroplast system depends on the dose of PGR5 protein. In contrast, AtPGR5 did not confer resistance to high levels of antimycin A (>5 mM) even though it was overexpressed ( Fig. 2A) . However, antimycin A may not inhibit AtPGR5 function completely, because the 35Sp::AtPGR5 line was slightly resistant to antimycin A at lower concentrations ( Fig. 2A) .
Antimycin A resistance that is dependent on target protein levels has been reported in the Cyt bc 1 complex in the mitochondria of Paracoccus denitrificans, Rhodopseudomonas capsulata, Neurospora crassa and Aspergillus nidulans (di Rago et al. 1988) . When the 37th amino acid residue of Cyt b is alanine, the Cyt bc 1 complex is resistant to antimycin A. However, an amino acid alteration at this site confers different levels of resistance to the Cyt bc 1 complex in yeast, P. denitrificans, R. capsulata, N. crassa and A. nidulans (di Rago et al. 1988 ). This is explained by differences in the levels of accumulation of the Cyt bc 1 complex among species. As in our observation in PGR5, the mutation in Cyt b confers partial resistance to antimycin A, and the extent of resistance to the complex depends on the levels of accumulation of the complex.
In C. reinhardtii strain 137c, PSI cyclic electron transport is resistant to antimycin A and PGR5 is not detected in the supercomplex mediating PSI cyclic electron transport (Iwai et al. 2010 , Antal et al. 2013 ). However, more careful discussion is needed to conclude that PGR5 is dispensable for PSI cyclic electron transport in Chlamydomonas, because PSI cyclic electron transport is sensitive to antimycin A in C. reinhardtii strain cc406 (Antal et al. 2013 ). In C. reinhardtii strain 137c, the amino acid residue corresponding to the third valine of AtPGR5 is lysine, as in P. taeda (Fig. 5A) . There is no information on the PGR5 sequence in C. reinhardtii strain cc406.
In the ruptured chloroplast system, PtPGR5 and AtPGR5 V3K conferred partial resistance to antimycin A, and overaccumulation of PGR5 was required for high levels of resistance (Fig. 2) . In contrast, the amino acid alteration drastically improved PSII yield and NPQ in the presence of antimycin A, even though the constructs were driven by the AtPGR5 promoter (Fig. 6) . This contradiction may be explained by the fact that the ruptured chloroplast system does not reflect the rate of electron transport in vivo quantitatively (Shikanai 2007) . More probably, partial restoration of PSI cyclic electron transport may be sufficient to balance the redox state in chloroplasts and drastically affect PSII yield in vivo.
Materials and Methods

Plant materials and growth conditions
Arabidopsis thaliana (ecotype Columbia gl1) was grown on soil under growth chamber conditions (50 mmol photons m À2 s À1 , 16 h light/8 h dark cycles at 23 C) for 25-30 d. Spinach was purchased from a local market. We used 35Sp::AtPGR5 and 35Sp::PtPGR5 lines which were previously generated and characterized (Okegawa et al. 2007 , Long et al. 2008 ).
Isolation of crude chloroplasts
Leaves of 25-to 30-day-old plants were homogenized in medium containing 330 mM sorbitol, 20 mM Tricine/NaOH (pH 8.4), 5 mM EGTA, 5 mM EDTA and 10 mM NaHCO 3 . After centrifugation for 5 min at 3,000Âg, the pellet was suspended in medium containing 300 mM sorbitol, 20 mM HEPES/ KOH (pH 7.6), 5 mM MgCl 2 and 2.5 mM EDTA.
In vitro assay of PSI cyclic electron transport activity
Crude chloroplasts (20 mg Chl ml À1 ) were suspended in medium containing 20 mM HEPES/KOH (pH 8.0), 5 mM MgCl 2 and 2.5 mM EDTA. Fd-dependent PQ reduction was measured in ruptured chloroplasts (20 mg Chl ml À1 ) as described previously (Munekage et al. 2002) , with several modifications, using 5 mM spinach Fd (Sigma-Aldrich) and 0.25 mM NADPH (Oriental Yeast). The activity of PSI cyclic electron transport was monitored with a MINI-PAM (Walz) as a relative difference in the Chl fluorescence level 1 min after the addition of Fd. Fluorescence levels were standardized against the F m level. Antimycin A (Sigma Aldrich) was added to the medium before measurement.
Measurement of quantum yields of PSII and NPQ in intact leaves
Intact leaves were infiltrated with medium containing 300 mM sorbitol, 20 mM HEPES/KOH (pH 7.6), 5 mM MgCl 2 and 2.5 mM EDTA using a syringe with a 27G needle (Terumo) and centrifuged for 3 min at 500 r.p.m. to drain excess liquid (Tomy, TMA-4). Chl fluorescence parameters were determined at 500 mmol photons m À2 s À1 using FluoroCAM (PSI). PSII quantum yields and NPQ were calculated as (F m 0 -F s )/F m 0 and (F m -F m 0 )/F m 0 ), respectively. Antimycin A (Sigma Aldrich) was added to the infiltration medium.
Immunoblot analysis
Proteins extracted from ruptured chloroplasts (5 mg Chl) were separated by 15% SDS-PAGE using a Tris-glycine buffer system for immunodetection of Cyt f and NdhL, and by 16.5% SDS-PAGE using a Tris-tricine buffer system for PGR5 (Okegawa et al. 2007 ); they were then transferred onto a PVDF membrane. Immunodetecetion with antibodies against PGR5, Cyt f and NdhL was performed as described previously (Munekage et al. 2002) , with several modifications.
Vector construction
Full-length cDNAs were also subcloned as transcriptional fusions under the control of the AtPGR5 promoter in pPZP211. Site-directed mutagenesis was performed by fusion PCR.
N-terminal sequencing of PGR5
Thylakoid membranes were isolated from spinach leaves and were suspended in 20 mM Tricine-NaOH (pH 8.0), 3 mM ]. The suspension was incubated with 50 mM dithiothreitol (DTT) for 10 min and solubilized with 0.5% sodium cholate and 30 mM n-octyl-b-D-thioglucoside for 15 min on ice by gentle shaking, followed by centrifugation at 100,000Âg (RP80AT, Hitachi) for 1 h at 4 C. The resulting supernatant was gently mixed with 45% (w/v) ammonium sulfate and incubated for 20 min on ice, then centrifuged at 11,800Âg for 30 min at 4 C. The supernatant containing PGR5 was treated with trichloroacetic acid (final 10%), and the precipitate was washed twice with ice-cold acetone. The final precipitate was dried under vacuum and analyzed by two-dimensional gel electrophoresis (Yoshida et al. 2013) . Proteins were electroblotted onto PVDF membranes and visualized with CBB. The spot of PGR5 protein was cut out with a scalpel and submitted to APRO (Life Science Institute Inc.) for N-terminal amino acid sequencing. N-terminal amino acid sequence analysis was performed with a Procise 494 cLC Protein Sequencing System (Applied Biosystems).
